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7 OF GROUND PLANE PROTRUSIONS ON THE SIXTY~CYCLE AND IMPULSE FLASHOVER 
| MECHANISM OF BUSHINGS. 


onve rio": 


“thts investigation was undertaken to determine the mechanism of bushing 
hover and how it is affected by ground plane configuration. The mechanism 
streamer formation of long sparks has been well established and can be found 
reat detail in the book, "The Mechanism of the Electric Spark " by LeB. Loeb 
i JoM. Meek (Stanford Press, 1941). Specifically, the breakdown mechanism of 


n-uni form field gaps under impulse and sixty-cycle voltage conditions are 
eet in Ts reports 50TP1818 and S2TP26. 


pin RY ry 


@ Bushing flashover is initiated by See one or both of two flashover 
echanisms depending on type of voltage applied, bushing size and the dome and 
sround plane configurations. These two flashover mechanisms, the mechanism of 
positive streamer formation from the anode and the mechanism of avalanche- 


retrograde-streamer formation from the Sees are » briefly: described in this 
et | = | 


4 With a flat Debs Bie ie eee found that the Flashever we initiated at 
the bushing dome in all cases. With impulse voltage applied, the mechanism 
initiating flashover depended on the polarity of voltage applied. With negative 
‘polarity Impulse, the avalanche-retrograde-streamer formation from the. cathode 

was the initiating mechanism and with positive polarity voltage applied, positive 
streamer formation was the initiating mechanism. With sixty-cycle voltage applied 
_ the initiating mechanism depended on the shape of the bushing dome as well as. 

the. bushing size. It was.found that the flashover was initiated by the positive 
‘Streamer formation when the 138 KV bushing was tested. For the 73 KV type OF} 


bushing, flashover could be initiated mee either mechanism but was mostly that of 
Or streamer formation. — 2 


2 
With. a Basten red protrusion on the ground plane. the laser mechanism. 
iz volved depends. on. the polarity. of voltage applied and the ground rod length. | 
» or positive polarity impulse applied. to the bushing, the ground rod had practi- 
i Cally no effect on the flashover values and the flashover mechani sm involved was 
® chat of positive streamer formation from the anode ‘(bubhing dome). With nega= 
tive polarity impulse applied, the ground rod markedly lowered the flashover 
Values of the bushing. In this case, the bushing flashover was initiated from 
he anode (er ound rod) by positive streamer mechanism. For sixty-cycle voltage 
applied, a slight lowering of the flashover values was noted when the ground rod 


Was present. Flashover was initiated at the ground rod-when it was positive by 
he ee ei ve streamer neo 
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It was found that under sixty-cycle voltage conditions, the effect of the 
ground rod on the flashover voltage was not nearly as large as for negative 
polarity impulsee This is explained on the basis of a negative ion space charge 
formed during the negative half-cycle of the EG sixty-cycle voltage and 
surrounding the ground rod tipe 


Further tests showiae the effect of the bushing dome configuration on the 
plashover mechanism for positive and negative polarity impulse and sixty-cycle ° 
voltages are reported in 52TP20. The dome configuration in this report was de= 
ned by the presence and location of a sharp lip on the bushing. dome, Ae 


peel Ment AND METHOD OF TEST: 


ws fae were used in these tests, a 138 KV type F. bushing and a 73 KV 
type OF bushing. The bushing test set up was arranged as follows: the bushing 
to be tested was supported on a flat ground plane so that the bottom porcelain 
of the bushing extended into a tank and was completely covered with oil. The 
ground plane diameter was 5! for a 73 KV bushing and a 6! x 8' oval for the | 
138 KV bushing. When the ground rod was used, it was supported on the tank top 
6" away from the bushing porcelain. The ground rod length used for these tests 
extended 2" for the 73 KV bushing and 6", 10°, 14" and 16" for the 138 KV bush- 
ee above. the uppermost aoe metal of the bushing. a 


Bity-cycle, positive ae negative polarity impulse ‘flashover tests were 
made on each bushing, both with and without the ground rods present. In all 
cases, corona measurements coupled with visual observation and photegreras of 


corona were: made. 


For the ay cyte tests, the voltage was applied at a rate of approxie 
mately 3 KV/sec. to flashover. The flashover polarity and corona measurements 
were made by the HC=10 aeonneenah described in report SOTP77o 


For the impulse becea, a 1p x 40 Us voltage wave was used for both the 
positive and negative impulse tests. The voltage was first applied several 
levels below the corona starting voltage with three impulses per level and in- 
creased in 30 KV levels for the 73 KV bushing and 50 KV levels for the 138 KV 
bushings up to flashover. After obtaining one flashover at the minimum flashe 


over voltage level, the voltage was then reduced and the same procedure was 


followed to obtain the next and all subsequent flashovers. After the comple- 
tion of two or more tests, all flashover voltage levels were averaged together 
resulting in a value termed the average impulse flashover voltage. This term 
is used throughout the report denoting the impulse voltage: as described abovée 
Corona detection as described in report 49TP6 was carried out during the im- 
Pulse tests. 
DISCUSSION OF THE BREAKDOWN MECHANISM FOR LONG SPARKS: 

In unsymmetrical and otherwise non-uniform field gaps where a large gap 
Spacing is encountered, Townsend's theory of spark breakdown no longer holds 


true and the streamer theory of spark discharge is necessary to explain the 


ee ae Pas) Veh tian ee ‘ 
SE me hy eee 
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breakdown mechanism. Since the bushing flashover takes place across an‘ unsym= 
metrical non-uniform field gap, the streamer theory of spark discharge mist also 

_.apply for this case. A complete discussion of the streamer mechanisms involved 
$s presented in Loeb's and Meek'’s book\1!), In brief, the mechanism of streamer 
formation and flashover is as followse 


Mechanism of Positive Streamer Formation. 


| When the field strength (Ep) in the vicinity of the anode becomes suffi- 
} ciently high while that in the vicinity of cathode or ground plane remains low, 
the breakdown mechanism will proceed as follows. 


Free electrons near the anode will be drawn toward this electrode, being 
accelerated as they approach the region of higher field strength, forming an 
electron avalanche as they travel. A great number of positive ions will be left 
in the path of the rapidly moving electron avalanche. These positive ions, due 
to their low mobilities will remain relatively stationary and constitute a posi- 
tive ion space charge having a field intensity of (Bg). This field (Eg) will be 
additive with the applied field (Er) resulting in a greatly enhanced field on the 
cathode side of the space charge. Accompanying the cumulative ionization of the 
electron avalanche, there is produced by the electrons some four to ten times as _ 
many excited atoms or molecules as ions. These excited atoms or molecules emit 
radiation of very short. wave lengths in some 1078 seconds. These radiations, or 
photons as they are called, are highly absorbed by the air and cause the forma= 
tion of new photo electrons. The new photo-electrons created in the enhanced 
) +: field of the positive ion space charge described above will be drawn rapidly toe 
) ward this space charge and form a photo-electron avalanche as they advance toward. 

- ite These electrons will be drawn into the positive ion space charge making it 

-a conducting plasma all the way to the anode. The positive ions left behind by 
| each successive photo-electron avalanche will extend the space charge toward the 
4 cathode while the photons created by the electron avalanche will create new elec= 
) trons and so continue the process across the gap to the cathode. In this fashion, 
) #£the positive ion space charge develops toward the cathode as a self propogating 
— positive space charge streamere 3 


As the streamer approaches the cathode, photons will produce intense ioni- 
} zation very near the cathode resulting in positive ions bombardment of it to 
} #£increase its secondary emission and begin to form a cathdéde spot which produces 
— £& rush of electrons into the streamer. These electrons will pass up the ionized 
Channel multiplying the electrons present by a large factor. The channel is 
thus rendered highly conducting and if the metal can emit a copious supply of 
Glectrons, the flow of the electrons continues up the channel, increasing its 
Conductivity and forming a sparke. : 


The Mechanism of Avalanche-Retrograde-Streamer Formation. 


‘ Where the breakdown of the gap is initiated at the cathode, the mechanism 
imvolved is essentially that of electron avalanche formation combined with 
Streamer action in a manner that is quite different from that of the positive 
Streamer formatione 


(1) "The Mechanism of the Electric Spark ", LeB. Loeb and JoM. Meek, 
Stanford University Press, 1941. 


The mechanism for cathode jnitiated breakdown proceeds as follows, 


4 When the field strength (Ep) in the vicinity of the cathode becomes suffi- 
ciently high, the electrons near the cathode will be repelled forming an electra 
' avalanche as they travel away from the region of highest field intensity. Before 
" the electron avalanche is well advanced, two factors tend to retard it. First, 
as the electron avalanche travels away from the cathode, the diverging field be- 
' comes less effective in aiding the avalanche propogation; second, the field of 
the positive fon space charge left in the avalanche trail will also have a 

- retarding action on the advance of the electron cloud. Under these conditions, 

' the avalanche is only allowed to propogate a distance X}. At this time, a 
streamer will propogate in the retrograde direction from the positive ion space 
charge back to the cathode. Once the streamer tip reaches the cathode and the 
supply of electrons run up the channel], making it a conducting filament of 
plasma, the negative electrode will have extended itself a distance X) in the 
gape Meanwhile, the avalanche will again proceed at its normal velocity until 

' 4t reaches a distance of Xj] + Xo from the cathode where again the positive ion 
space charge field is sufficiently great to retard the advance of the electron 
cloud, and a new streamer advances toward the cathode from Xj * Xo to join the 
filament of plasma with its tip at X]. This process continues until the avale 
anche approaches the anode, when, as in the case in an overvolted gap, a positive 
streamer from the anode finally closes the gap, giving rise to breakdown. 


The breakdown process is thus seen to be essentially avalanche advance com= 
bined with streamer action. : 


: Further Consideration of the Breakdown Mechanisms 


In many cases where an unsymmetrical or non-uniform field gap is under con- 
sideration, the fields at one, or both electrodes may be very high, while those 
in mid-gap are low, in fact, so low that Townsend's ionization coefficient d has 
mee value of zero in these regions. In such cases, while it is still. correct to 
' infer that the streamer process carries with itself considerable field distortion 
' and thus extends the electrode field or fields out into the gap, it is Like dy, 

_ that the mid-gap fields are so low that even with the streamer field distortion, 
_ further streamer propogation is prohibited. Thus, only local or partial break- 
_ down in the form of corona discharges from one or both electrodes will occure 

_ This type discharge was observed prior to flashover of the bushings used in the 
m vests for this report. 


: For large electrodes, where a high field strength extends out into the gaps 
both the positive streamer and the avalanche-retrograde-streamer mechanism can 
materialize at nearly the same voltage. The propogation or advance of these 
Streamers at the same field strength, once they are initiated, become quite dif~ 
ferent. The positive streamer carries with it the high field gradient from the 
 Slectrode surface and will advance easily as was shown in the discussion of this 
_™Schanism. On the otherhand, the avalanche~retrograde=streamer mechanism pro= 


| ceeds outward where the electrons at the avalanche tip find themselves in a weak 


| field reeion which is farther attenuated by the positive 1on space charge of 
4 the avalanche and the avalanche advance will be retarded. The field between the 


' vositive ion space charge and the cathode is increased while the weak declining 
' ¢jeld ahead of the electron avalanche to the anode is not enhanced in equal 

' measuree Hence, the avalanche=-retrograde=streamer mechanism, while it can be 

' gnitiated at nearly the same voltage as the positive streamer, will not readily 
advance across the gape Therefore, breakdown by the retrograde=-streamer mech= 
- anism will take place at higher electrode potentials and less readily at lower 
potentials than will those by the positive streamer mechanism. 


In such gaps where the breakdown is: initiated by the retrograde-streamer 

' mechanism, it is very, doubtful that breakdown can be completed by this process 

' alone owing to the low mid-gap field values. There is evidence 2) to show that 
 preakdown started by the retrograde streamer process is usually completed by a 
j positive streamer from the anode meeting the streamer from the cathode at some 

mid-gap position. 


RESULTS AND DISCUSSION: 


A.. Positive Polarit Impulse Flashover. Tables 1 and 2. 


(1) Flat round planes 


(a) Average corona starting voltage = 365 KV. 
(b) Average flashover voltage = 435 KV. 
(c) Corona was observed only on the bushing domes 


(2) 2" rod on the ground plane. 


(a) Average corona starting voltage ~ 345 KV. 

(b) Average flashover voltage = 425 KV. 

(c) Corona was observed on the bushing dome prior to 
flashovere | | 

(d) Only one out of four flashovers took place between 
the bushing dome and the 2" ground rod. The other 
three were between the dome and various places on 
the ground planee 


Observations: 138 KV type F bushinge 
(1) Flat ground plane. 


(a) Average corona starting voltage - 800 KV. 

(b) Average flashover voltage = 866 KV. 

(c) Corona was observed on the bushing dome prior to 
flashover 

(d) The corona observed was of the streamer type shown on 
Pl-34721. 


B (2) "Proc. Roy. Soce’ E.E. Allibone and J.M. Meek, (London) A,166,97 - 1938. 
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(2) 6" rod on the ground plane. 


(a) Average corona starting voltage = 850 KV. 

(b) Average flashover voltage = 875 KV. 

(c) Corona was observed on the bushing dome prior to 
flashover. | 

(d) All flashovers took place between the bushing 
dome and the 6" ground rode 


(3) 10" rod on the ground planee 


(a) Average corona starting voltage = 800 KV. 

(b) Average flashover voltage = 850 KV. 

(c) Corona was observed on the bushing dome prior to 
flashover. The type of corona observed is shown 
on Ple34722 « tt eae 

(ad) All flashovers took place between the bushing 
dome and the 10" ground rode | 


'Discussione 


q From the above observations and the flashover data of Tables 1 and 2, the 
following conclusions can be drawn: 


Lt). The presence of a ground rod does not appreciably effect the positive 
polarity impulse flashover valueée 


2) The presence of a ground rod does not appreciably effect the corona 
starting values. In all cases, corona occurred only on the bushing 
dome prior to flashover. : 


3) The flashover path for the 73 KV type OF bushing was independent of the 
position of the 2" ground rod while for the 188 KV type F bushing, 
flashover usually took place between the ground red and the bushing dome. 
Apparently, the longer ground rods, 6" and 10", have some influence on 
the positive polarity flashover as indicated by the fact that the flash- 
over took place between them and the bushing dome. However, this effect 
must be small as it does not show up in either corona starting or aver=~ 
age flashover values.e | 


From the observations and conclusions, it becomes evident that the positive 
Clarity flashover is initiated from the bushing dome and is quite independent 
the ground plane configuration. This is further illustrated by the corona 
ereamer formation on photograph Pl-34721. The corona streamer can be seen ¢X= 
nding out from the dome for 6" or 8", It was also observed that the arc path 
’ Positive polarity tended to bow outward rather than hug the bushing during 
ee This would be the logical direction the gre path should bees 
es the positive streamer mechanism initiated breakdown,as the anode eget be) z 
eo wy down the bushing!and the positive streamer tends to go in a direcvion 
tom it. | 


The logical conclusion is that, since the bushing dome is the anode when 


positive polarity voltage is applied, flashover takes place by means of the pos- 


stive streamer mechanism from the anode as described earlier in this reporte 


ative Polarity Impulse Flashover. _ 


Observations: _ 


Tables3 and 4. 


(1) Flat ground plane. 


(a) 
(b) 
(c) 


(25 2" red on 


Average corona starting voltage = 365 KV. 
Average flashover voltage = 477 KVo 
Corona was observed only on the bushing dome. 


the ground plane. 


Average corona starting voltage =~ 335 KV. 

Average flashover voltage - 385 KV. 

All flashover paths were between the ground rod 
and bushing domeéo 

Corona was observed to start from the ground rode 
At breakdown level, it was not unusual to have 
corona both on the dome and on the ground rode 


Observations: 138 KV type F bushing. 


(1) Flat ground plane. 


(d) 


(e) 


Average corona starting voltage = 750 KVo 
Average flashover voltage = 900 KVo 

Corona was observed only on the bushing dome 
prior to flashover. 


“P1H34723 shows the negative polarity impulse 


corona on the bushing domes 
the ground planes 


Average corona starting voltage = 550 KV. 

Average flashover voltage = 650 KV. 

Corona was observed on the ground rod prior to 
breakdowne | : 

All flashover paths were between the ground rod 
and bushing doméo 

Pl-34724 shows the corona extending up the bushing 
from the ground rode | 


(3) 10" rod on the ground planeée 


(a) 
() 


Average corona starting voltage - 400 KVe 
Average flashover voltage - 550 KVo 


Discussions , | Bo 
| bi 


(c) Corona was observed on the ground rod orto 
breakdown similar to that shown in PL-34704e 
‘(d) All flashover paths were between the bushi Re, 


Nn dan 1¢ 
and the ground rodo : - 


jaa 


an 


I 
ape 


From the above observations and the flashover data of Tables 3 and re 


following conclusions can be drawn: 


1) 


2) 


3) 


_ From the above observations and con@lusions, it seems evident that flash= 
over is initiated by two different streamer mechanisms, depending on whether or 
not a ground rod is presente | | 


For the first case, where no ground rod is present, flashover takes place 
at a high voltage, corona occurs only on the bushing dome prior to flashover as 
shown on PI-34723 and the breakdown path tends to bow out away from the bushings 
These facts lead one to believe that the flashover mechanism is initiated at the 
cathode or the bushing dome for this case where negative polarity impulse is 
applied. 
must be that of the avalanche=-retrograde-streamer formatione It is quite un=. 
likely, however, that this mechanism alone causes the flashovers As was stated 
previously, once the retrograde streamer spans a portion of the gap, the re- 
mainder of the gap is. in an over-volted condition and is quite possible for a 
positive streamer to start from the anode (the ground plane in this case) and 
meet the retrograde streamer some where in the mid-gap completing the breakdown 
processSo | | 


For the second case, where the ¢ 
for the 138 KV bushing is lowered to a value less than the corona starting vol= 
tage with no ground rod present. For the 73 KV bushing, the fleashover voltage 
is lowered to a value that is only slightly higher than the corona starting vol= — 
_ tage when no ground rod is present. In both cases, a lowering of corona starting 

‘Voltage was founds Corona was only on the ground rod prior to 


The presence of a ground rod appreciably lowers the negative vole x 
impulse flashover valueso : | 1 


Corona starting voltages were appreciably lowered when the ground rod 
was present. This was especially pronounced with the 138 KV bushing. 
When no ground rod was present in this casé, corona was observed only 
on the bushing dome and at a voltage that was higher than the flashove 


voltage when’ the 6" and 10" ground rods were presente | 


The flashover path always occurred between the ground rod and bushing - 
dome when the ground rod was present. The arc path, in this case, al= 
ways tended to hug the bushing surface. This is just the opposite to 
that observed for the positive polarity impulse flashover.e When no 
ground rod was present, the arc path tended to bow away from the bushing 
as it did for positive polarity. | 


cit 


If this is true, then the mechanism involved in the bushing flashover 


. 


round rod is present, the flashover voltage 


flashover for the 


ms 


138 KV bushing as shown by PL-34724. For the 73 KV bushing, corona was observed 
on voth the ground rod and the bushing dome prior to breakdown. In all cases, 
tne arc path tended to hug the bushing surface. ee) 


It was previously shown for positive polarity impulse that, when the flash- 
over was initiated at the bushing dome the ground rod had no influence on either 
sorona or flashover values. In this case, however, the ground rod markedly in- 
flences both the corona and flashover values. These observations and test 
yesults indicate that the flashover is a ground rod initiated mechanism. This 
being so, then the mechanism involved is that of positive streamer formation 
from the ground rod (anode). It is not too unlikely, that for the 73 KV bushing 
with the 2" ground rod, the positive streamer formation from the anode (ground 
rod) and avalanche-retrograde=streamer formation from the cathode (bushing dome) 
are both involved in the flashover mechanism, but it seems evident from the re= 
sults of this study that the positive streamer mechanisms from the anode (ground 
rod) plays the predominant role. | : 


Co 


Sixty-Cycle Flashover. Table 5. 


Observations; 73 KV type OF bushing, Cate 25959051. | 
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(1) Flat ground plane. 


(a) Average flashover voltage - 251 KV (RMS). 
(b) For 8 flashover tests, 5 occurred during the 
positive half-cycle of applied voltage and 3 

during the negatives © | ote Cee | 

(c) In general, the corona during the positive 
half-cycle of the applied voltage preceding 
flashover.is larger than that on the negative 
half-cycle. This is shown on Pl-34725, Fige le 


(2) 2" rod on ground plane. 


(a) Average flashover voltage = 218 KV (RMS). 

(bv) For 7 flashover tests, all occurred on the 
negative half-cycle of the applied voltage wavee 

(c) All flashovers took place between the ground rod 

: and the bushing dome. : 

(a) The magnitude of the corona occurring on the negative 
half=cycle of the applied voltage wave increases in 
magnitude with the addition of the ground rod and is 
now slightly larger than that occurring on the posi- 
tive half-cycle of applied voltage... This is shown on 
P1-34725, Figo eo. | 


2 198 KV ty. 


Observations pe_F bushing 


(1) Flat ground plane. 


(a) Average flashover voltage = 340 KV (RMS ) 0 


SeTrel 
Page 10 


(b) For 8 flashover tests, all occurred during the 
positive half=-cycle of the applied voltage. 

(c) Corona occurring on the positive half-cycle of 
the applied voltage was many times larger than 

that on the negative half=-cycle. This is shown 

on PL-34726, Figs 3. 

(d) Corona was observed only at the bushing dome as 
shown by PL-34727. _ 


(2) 6" rod on ground plane. 


(a) Average flashover voltage = 343 KV (RMS). 

(>) For 5 flashover tests where polarity was 
determined, 4 occurred during the positive 
half=-cycle of the applied Senn eee and lL 
during the negatives 

(ce) For 10 flashover tests, 5 seounred between the 
dome and ground rod and 5 between the dome and 
ground plane. | 

(d) The magnitude of the corona on both half-=cycles 

of the applied voltage wave are nearly equal. 

(e) Visual observations showed corona discharges from 
both the Lee dome oe the a un rods 


(3) 10" rod@ on the eeeund Bes 


(a) Average Plaghenee voltage = 318 KV (RMS). 

(b) For 7 flashover tests where the polarity was 
determined, all took place on the negative 
half-cycle of the applied voltage wave. | 

(c) All flashovers were between the bushing dome 
and the ground rodo 

(d) The magnitude of corona as shown on Pl-34726, Figs 4 
appears to be approximately the same magnitude 
for both halfecycles of the applied voltage wave. 

(e) Corona was observed on both the bushing dome and 
ground rod prior to flashover as shown in Pl-34728. 


(4) 14" rod on the ground planes 


(a) Average flashover voltage - 268 KV (RMS). 

(b) All flashovers were between the ground rod and 
bushing domée 

(c) Corona discharge was visible only on the ground 
rodeo 


(5) 16" rod onthe ground plane. 


(a) Averdge flashover voltage - 250 KV (RMS). 


UR 


(b) All flashovers were between the ground rod and 

: bushing dome. : | 

(c) Corona was observed only on the ground rod prior 
to flashover:as shown ‘on Pl-34729 except for a 
small brush discharge near the lifting lug on the 
bushing dome. This was eliminated by use of a 
small shield as shown on PI-34730. The introduction 
of this shield did not change the flashover values. 
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_ From the above observations and the flashover data of Table 5, the following 
Husions can be drawn: | : 

"1) For the 73 KV bushing, the flashover values are lowered by the presence 
- of a 2" pround rod while for the 138 KV bushing, a 6" ground rod did 
not appreciably effect the flashover. With the ground rod extended to 
10" and larger values, the flashover values were somewhat reducede. 


The polarity of flashover depended on the length of the ground rod. 
When the ground rod was 10" or more for the 138 KV bushing, flashover 
always occurred during the negative halfecycle of the applied voltage 
waves while with the 6" ground rod, flashovers of both polarity were 
noted and with no ground rod, only positive polarity flashovers occur= 
red. With the 73 KV bushing, flashovers of both polarity were noted 
when no ground rod was present and only negative polarity flashovers 
occurred when the 2" ground rod was usede | 


In all cases, the magnitude of the corona observed on the negative 

half=-cycle of the applied voltage wave was smaller than the positive 

when no ground rod was present, but increased in magnitude to be equal 
to or greater than the positive corona in the presence of a ground rode 


' 4) Corona was observed on both the bushing dome and ground rod except 
where very long ground rods were used. In this case, 14" and 16". 
Then corona was observed only on the ground rode 


' From the above observations and conclusions, certain facts relating to the 
fakdown mechanism became clear. ‘For the first case where no ground rod is 
®sent, the flashover always occurs on the positive half=cycle of the applied 
tage wave for the 138 KV type F bushings. This means the bushing dome will 
"the anode and from the obsérvations of visual corona, as well as corona cure 
Mt measurements, it becomes evident that the flashover is initiated from the 
ode . The mechanism involved will then be that of the positive streamer fore 
i on. Apparently, it is not quite this simple for the 73 KV type F bushing 
mce in this case, flashovers of both polarities occur. Remembering that no 
na was observed on the ground plane prior to flashover and 4t would be ao 
B ticult to conceive that sufficiently high gradients would exist on ee 
P°Und plane to cause corona!formation, it seems likely that both the positive 
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“and negative polarity breakdowns would be initiated at the bushing dome, the 
‘anode for positive polarity flashover and the cathode for negative. Referring 
“to Tables 1 and 3, it can be seen that the positive polarity impulse flashover 
‘yoltages are 425, 425, 425 and 457 KV while the negative polarity impulse flash- 
‘over voltages are 457, 487 and 487 KV. It is ewident that in one case at least, 
‘the positive and negative flashover voltages are equal. Now with sixty-cycle 
‘yoltage applied, it seems very probable that under favorable conditions and the 
‘jong time voltage applications (approximately 8300 ps for each polarity on each 
yalf wave compared to 40 us to half value for the impulse wave) that now and — 
‘then flashover would be initiated when the bushing dome was the cathode. If 
this is the case, then either the positive streamer mechanism when the bushing 
dome is the anode or the avalanche-retrograde-streamer mechanism when the bush= 
| ing dome is the cathode, will initiate the flashover processe | 


j In the second case, where a ground rod of sufficient length to cause a 
Jowering of the flashover voltage is present, all flashovers take place on the 
negative half-cycle of the applied voltage wave. In this case, the voltage 
pradient at the rod tip is sufficiently great to initiate at least a localized 
breakdown as was shown by the corona eminating from it. With the lowering of 
the flashover values, it would be very difficult to conceive of a cathédé. in- 
Matiated breakdown from the bushing dome since it is difficult for this mechanism 
Bto take place even at higher voltages. In fact for the 138 KV bushing where. no 
Bround.rods were present, not a single flashover appears to have been initiated 
by this cathode mechanism so now with the lower voltage available, it is quite 
ertain that this is not the mechanism involved. It seems quite likely then, 
that the mechanism must be initiated from the ground rod, since the bushing dome 
Ss the cathode during all flashovers. This means that the ground rod is the 
node and. the positive streamer formation from this ground rod will initiate 
lashover..: 


| In the third case, where a ground rod is present, as for the 6" ground rods 
th the 138 KV bushings, and yet a lowering of the flashover values does not. 

ke place, flashovers of both polarities occur. In this specific case, it can 
)Seen from Table 5 under the data where no ground rod is present, all flashe= 
®rs occurred during the positive half=cycle of the applied voltage wave and 
Was explained that the flashover mechanism was initiated by the positive 
ecamer formation from the anode (bushing dome). It was also shown that when 

= 10" ground rod was present, the mechanism involved was that of positive 
Samer formation from the ground rod and all flashevers took place during the 
sitive half-cycle of the applied voltage wave. Now in this case, where both 
sitive and negative polarity flashovers occur and a 6" ground rod is present, 
tlashover mechanism could be either initiated from the ground rod, or the 
eg dome, depending on the critical conditions existing at each electrodes 
c. che ground rod is apparently not long enough for it to predominate in 


a 


ating the flashover’ and is not small enough so the bushing dome can initiate 
che flashovers, the flashover mechanism mist then be that of positive streamer 
Btion either from the bushing dome as the anode when the flashover occurs on © 
| Positive half=cycle of the applied voltage wave, or from the ground rod 
bee ode When the flashover occurs on the negative half-cycle of the applied 
“S© Wave, | 


general Discussions | 
— 


| It can be seen from the values plotted on 1O6HA492 that the effect of the 
ground rod on the average flashover values for impulse and sixty-cycle tests is 
wery different. For example, a very rapid reduction in the negative polarity 
“4mpulse flashover voltage is apparent when the ground rod is present, while for 
the same ground rod lengths only a very small reduction in the average sixty- 
cycle flashover values is founde According to the theory previously presented, 
the mechanism of the bushing flashover in the presence of a ground rod for nega= 
tive polarity impulse and sixty-cycle applied voltage is the same. The question 
“hen arises, why is the effect. of the ground rod so different under these two 
yoltage conditions? The answer to this must be the presence of a space charge 
condition under the sixty-cycle voltage that is absent when the negative polarity 
qmpulse voltage is applied. In order to establish the possibility of a space 
charge, it is necessary to review what is known about the corona starting vol- 
tages of a rod in air. Previous tests reported in SOTP1892 show that under 
gixty-cycle voltage conditions, the corona starting voltage of a rod=to=plane 
pap is lower on the negative half=-cycle of the applied voltage wave than on the 
positive. Further, it is known that for the rod=to=plane gap, the impulse corona 
starting voltage for positive and negative’ polarities are approximately the same. 
This fact would seem to indicate that a discrepency exists in the test results 
where it was reported that for positive polarity impulse applied to the bushing, 
B no corona from the ground rod was observed, yet for negative polarity impulse 
applied, corona did exist on the ground rod at very low values. This difference 
in corona starting voltages surely does not exist, but rather the apparent dis= 
mcrepency of results is due to our definition of the corona starting values. For 
the bushing test results, rather poor observation conditions existed and the 
first sign of corona visible to the observer was that of the streamer type corona 
formation some hundreds or even thousands of ‘times the minute type corona discharge 
measured by sensitive detection technique or observed under ideal conditionse 
This discrepency in the definition of the corona starting voltages, however, 
Goes not in any way invalidate our previous test results since the bushing flash= 
Over mechanism for impulse voltage conditions must depend on the streamer type 
formation of corona discharge rather than the very small type corona mentioned 
NELre.o 


’ The formation of the space charge in the vicinity of the ground rod causing 
the apparent difference in the ground rod effect between negative impulse and 

the Sixty-cycle flashover voltages must take place in a manner very similar to 
that reported in S5OTP1818 on the sixty-cyele sphere-to-plane breakdown in air. 
This Space charge mechanism can be described as follows. When the voltage grad= 
*8nt on the ground rod has increased to a sufficiently high value, corona will 
first occur while the ground rod is negative. The electrons in the electron 
evalanche will be repelled away from the rod and ionize as they travel until the 
*Xternal field drops to a value of 15 KV/em or less. At this time, the, electrons 
eMtll arsert toward the anode until they combine with neutral molecules, in some 

po x 1075 sec., the mean time of attachment of an electron in air, to form nega= 
rive ions, ‘These negative ions continue to drift toward the anode away from the 
sound rod with a relatively low mobility of approximately 2.2 on/sne eg 
Seti the polarity of the rod is reversed on the following half-cycle of applied 
tage, st which time these negative ions reverse their direction of travel and 
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' go back toward the rod. As the voltage: is continually raised, the repetition of 
' this process will build up the negative ion space charge in the vicinity of the 
ground rod. When the voltage gradient at the tip of the ground rod has increased 
to a value sufficiently high, positive corona streamer will begin to form. It 

' was shown previously that the positive streamer is essentially the propogation 
of a positive ion space charge into the gap. This positive ion space charge will 
' tend to draw the negative ions, from the negative ion space charge in the vicinity 
of the rod, into it and as a consequence of this action be neutralized. . This 
neutralization "of the positive ion space charge will prevent the streamer from 

' propogating and inhibit the breakdown of the gap. On each succeeding half-cyceleg 
_ the negative jon space charge will be replenished and tend to inhibit the pos= 
_dtive streamer breakdown on the following half=cycle until the voltage has been 
‘raised to such a value that the negative ion space charge can no longer neutralize 
the self propogating positive jon space charge and breakdown by positive streamer 
_formation takes place. This type space charge formation will tend to minimize 
‘the effect of the ground rod on the sixty-cycle flashover of the bushings 


For the ne eative polarity impulse flashover of the bushing, the ground rod 
‘is, of course, positive polarity only,so that there is no possibility of setting 
“up a negative ion space charge to inhibit the positive streamer formation of the 
_ ground rod. Consequently, the effect of the Lt Eee should become very pro= 

me noed as its length is increased. | 


4 In comparing the positive polarity impulse Plesiover voltage with the sixty= 
‘cycle flashover voltages of the 138 KV bushing where no ground rod is present, 
‘an impulse ratio of 1.8 is found. For both the sixty-cycle and impulse voltages, 
the positive streamer mechanism initiates flashover but, under the ‘sixty-cycle 
Voltage condition a negative ion space charge is formed and oscillates in the 
“space in rhythm with the sixty-cycle voltage. If this space charge is located 

@ short distance away from the anode when the voltage is near crest, it increases 
‘the gradient at the anode sufficiently to result in a positive streamer formation 
at lower applied voltage. In a case such as this, the negative ion space charge, 
because of its location, will not be able to neutralize the positive ion space 
Charge of the positive streamer and flashover will take place. It is the pre- 
Sence and location of the negative ion space charge under the sixty-cycle voltage 
Condition that results in lower flashover values for sixty-cycle applied voltage 
Bhan for positive polarity impulses - 


It was shown in 5eTP20 that a negative ion space charge actually raised the 
Sixty-cycle flashover when a sharp lip was on the bushing dome. In this case, 
the location of the negative ion space charge must have been very close to the 
bushing dome so that the positive streamers, once formed could be neutralized 
q this negative ion space charge. 


A detailed study, presented in report SOTP1818, shows how the presence and 
Cation of a negative ion space charge can affect the sixty-cycle breakdown 
Strength of a non-uniform field gap in air. In this report, the jucrease or 
P°Srease in the sixty=cycle strength of the non-uniform field gap is explained 
™ the basis of the negative “ion space charge locations 


CONCLUSIONS s © 
Ae Positive 


a 
as 


Bo Negative 


lo 


Be 


polarity impulse voltage applied. 


The flashover is initiated by positive streamer formation 
from the anode (bushing dome). 


the presence of ground rods effect neither the flashover 
values nor the corona starting voltage of the bushings 


polarity impulse voltage applied. 


With no ground rod present, the flashover mechanism is nq 


itiated “by the retrograde-streamer formation from the 
bushing dome. : 


The presence of a ground rod appreciably lowers both the 
corona starting and flashover voltages of the bushings 


With a ground rod present, the flashover mechanism is ine 
itiated by the positive streamer formation starting at 
the ground rod. : 


Ce. Sixty-cycle voltage. applied. 


Le 


With no ground red present, the flashover is initiated by 
either positive streamer formation from the anode (bushing. 
dome) when flashover. occurs on the positive half-cycle of the 
applied voltage wave, or by the avalanche-retrograde-streamer 
formation from the cathode (bushing dome) when flashover 
occurs on the negative half-cycle of the applied voltage waves 


Where a ground rod of sufficient length to cause a lowering 
of the sixty-cycle flashover voltage is present, the flash= 
over is initiated by the positive streamer mechanism from the 


anode. The anode in this case is the ground rode 


Where the ground rod is present and not: sufficiently long to 
cause a reduction in the flashover voltage, the flashover will 
be initiated by positive streamer formation from the anodes 
The anode in this case will be the ground rod if flashover 
takes place on the negative half=cycle of the applied voltage 


wave or the bushing dome if flashover takes place on the pos= 


itive half-cycle of the applied voltage wave 
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Film 


Noe 


— 24 


och 


26 


365 
395 


425 


365 
395 
425 


365 


395 
425 


365 
395 


425 
457 


Average corona streamer start = 365 KV.. Average corona streamer start 
Average flashover 


KY 
Crest 


IMPULSE TESTS OW 73 KV BUSHING 


TABLE 1 


Positive Polarity Impulse 


Corona 
MA Streamer 
coors yes 
wees yes 
coctes yes 
oom yes 
erm yes 
motes yes 
cm oe yes 
=e yes 
583 yes 
589 yes 
595. yes 


Corona on domes 


Average flashover 


No Rod on Ground Plane __ 
ee Gia | Flashe 
over 


no 
no 
yes 


no 
no 
yes 


no 
no 
yes 


no 


no 
no 
yes 


'Tin 


= 4355 KVe 


365 


895 


425 
365 
395 
425 


365 


395 | 


425 


305 
335 


365 | 


395 
425 


Corona on domes 


KV 
Noo Crest 


Corona 
MA_ Streamer 
soem yes 
soe yes 
aves yes 
sess yes 
oso es yes 
eae Jo3 
rome yes 
583 yes 
565 yes 
595 yes 
595 yes 


Flash= 
over 
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TABLE 2 
IMPULSE TESTS ON 138 KV TYPE F BUSHING 
“Positive Polarity Impulse 
No Rod on Ground Plane Rod on Ground Plane | 
KY . Corona Flash= KV Corona length of Flash= F.0. to 
800 . Dome & Porcelain <== 800 Dome GF = ue 
B50 wm mee yes 850 mh 10" yes yes 
| ) 800 Dome & Porcelain <== 800 Dome 10" = moe 
os W yes 850 Le 10" yes yes 


Corona start (dome) - 800 KVe 
Flashover (average) = 850 KVe 


800 Dome meses 


— 850 es mee — 850 Dome hid mom scies 
900 ween ween ne nnn n= yes 900 m GW: ck yes aves ‘e 


850 Dome en yes yes 


‘Ave. corona streamer (dome) - 800 KV. Ave. corona streamer start (dome) - 850 KV. 
Ave. flashover - 866 KV. Ave. flashover 2 SSNS KV. 
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TABLE 3 
IMPULSE TESTS ON .73 KV BUSHING 
| | Loe oo ee eet ee 
Negative Polarity Impulse 
Me _—SNo Rod on Ground Plane =—Ss§_s—s«sws«3S |" “Rod on Ground Plame of 
, Film KV: Corona Flash- Film = KV > Corona  Flash= Flash to | 
Noo Crest MA Streamer over No. Crest MA. Streamer over Grd. Rod 
: oe ae } v : ‘ eee i - Ses = ae ae ra nese ae a cos ee emer coerce 
; 4 365 = 600 yes no 9 305 610 yes no oe | 
| 3) 395 600 yes no 10 335 605 yes no ern 
mm «(O- 425 555 yes no ll 965 == vee yes yes , | 
me 7 ©-457 #£4«2610 yes yes | | : | : 
Me. 365 =-- yes no 14 3385 605. yes no ae | 
- 395 awe yes no 16... $65 610 yes no cores 
~ 425 == yes.‘ ne 16 395° =<" astra yes yes | 
- 457 «= yes no 
= 487 === ome yes | : ae 
P -- 365 --- yes ot a - 365 a= yes no aac 
- 395 we yes no ines S395 we ote yes _ yes : 
- 429° 2== yes RO. : , 
_- 457 --- yes =e Corona on dome and ground rode 
: 487 = —== moe syes 
_, »~- Corona on dome. 
‘ ) Average corona streamer start = 365 KV. Average corona streamer start * 335 KV. 
Average flashover © = 477 KV. Average flashover = 385 KV. 


S2TP21 
Page 19 
TABLE 4 
IMPULSE TEST ON 198 KV TYPE F BUSHING 
Negative Polarity Impulse 
| No Rod on Ground Plane : - Rod on Ground Plane | 
| KV". "CC eronmms. -Flash- KV Corona length of | Flash- F.0. to. 
pest over Crest } Grd.Rod over | Grd.Rod 
| 750 Dome === 400 Grd. Rod 1c wee 
| 800 ot ne 450 ee a0) == . 
| | 850 oe a Se 10" = ee 
if 300 es wen 550 seul eeee 10" yes . yes 
| 7 950 W yes a 2 ee : 
| | | 400 Grd. Rod 10" <a iss 
| 7 750 Dome wom | 450 ” My ONS aoe = 
| | , 800 Ne TERR: 500 ; " . 10" been! c mabe: 
| = 850 fc yes 550 ween ene ot yes yes. 
| I 
i) | i 3 \ 
q | Aves corona streamer start=750 KV. Ave. corona streamer start (Grd.Rod)=400 KV 
| Ave. flashover (Aves) =900 KVe Avee flashover 50 KV 
: 550 Grde Rod 6” ‘ om oe eS} em op 
7 650 0 weee tee - yes. yes 
S50 Grd. Rod i ee 
600 " i" , 6" ot wn ote oe 
650 eee aS)! yes yes 
| | 7 Avee corona streamer start (Grd. Rod )=550 KVe 
| | oe Aver. flashover =650 KV. 
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TABLE 5 


SIXTY-CYCLE DATA ON BUSHING FLASHOVER 


73 KV Bushing Type OF 


No Ground Rod . 


tated rthrearenr ales endian: Rod on Ground Plane | 
Film Run KV . Polarity Film Run KV Polarity length of Flash, to 


No. Noe (RMS) Flashover 
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246 
256 
250 


<a Ge Os Cee Wee Ce oe CFS 


Positive 


Negative 


Positive 


Positive ~ 
Positive 


Negative 


Positive. 


Negative 


Ave. = 251. KV 


Positive 


Positive 


Positive 
Positive 


Positive 
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Positive 
Positive 


em tem cos wees ce ori oh 
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Ave. = 340 KV 


Now No. (RMS) Flashover Grd. Rod Grd. Rod 


eS = 220 wee e memes ‘ot ea 
Serie ei 2 18 eee me nen sae @" nts wapes* 
aia oe 217 hacer heh cadets tee Pal ; yes 
ik 1 ~-~ Negative ae yes 
: 2 ~-- Negative ee yes 
4 1 --= Negative et yes 
2 ~-- Negative on. yes 
3 --- Negative oN yes 
6 1 ee ee an yes 
2 -== Negative pele: yes 
3 ~-—- Negative en yes 
eo" Ave. = 218 KV 
138 KV Bushin 
8 1 =w=— Positive - ue no 
2 aw~ Negative 6" yes 
| 3 -e= Positive 6” yes 
10 1 =--= Positive 6" no 
2 --— Positive © no 
weed, B45 ede 8 ee yes 
me ~ B25 9 eee wen= 6" no 
Cy ee ‘et yes 
oe = 345 2 eee enee Be yes 
-- = $45 -+------- || 6 eee 
We ed 312 Negative 10" yes 
| 2 -'316 Negative 10" yes 
oo 8 312 Negative 10" yes 
144 = |) G20 -cee---- ee yes 
1 320 Negative 10" yes 
2 316 Negative Heise yes 
3 320 Negative Le yes 
4 312 Negative AON yes 
aes “s 320 9 aen--n =o On yes 
— - B20  eeeewene 100 eee 
—— - O70 wea emees 14" yes 
ae me BEG eee 1a yee 
ne a in 7 eee 16" yes 
i 2AG'(. aawceee= 16" yes 
6" Ave. = 343 KV 14" Ave. = 268 KV 
10" Ave. = 318 KV 16" Ave. = 250 KV 
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Fig. 2 
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